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Abstract 

The characterlstlcu of power processors strongly 
Impact the ovcrsl 1 performance and cost of electric 
propulsion systems, A program was Initiated to evalu- 
ate simplifications of the thruster-power processor 
Interface requirements. The power processor require- 
ments are mission dependent with major differences 
arising for those missions which require a nearly con- 
stant thruster operating point (typical of geocentric 
and some inbound planetary missions) and those requir- 
ing operation over u large range of input power (such 
as outbound planetary missions) . This paper describes 
the results of tests which have Indicated that as many 
as seven of tlie twelve power supplies may be ellmlnotcd 
from the present Functional Model Power Processor used 
with 30-cm diameter Hg ion thrusters. 

Introduction 

The ch.aractorlatica of power processors strong- 
ly impact the overall performance and cost of elec- 
tric propulsions aystiiao.^^) The 30-cm diameter Hg 
Ion thruscer, proposed for solar electric propul- 
sion, has evolved to a state of technology readi- 
ness. (2,3) Functional model power processors (FMPP) 
have been designed, (^) fabricated, (5) and are pre- 
sently being endurance tested with thrusters . (b) 

The major purpose of the power processor Is to 
condition the unregulated solar array power into the 
various regulated voltages and currents needed to 
satisfy Che thruster operating requirements. In ad- 
dition, the power processor provides telemetry sig- 
nal conditioning for power processor Input, opera- 
ting, and status parameters and thruster operating 
and status parameters, As shown In figure 1, Che 
present FKFF has 12 regulated power supply outputs 
which provide the power required by the thruster to 
perform Its four basic functions of: propellant | 

flow control; Ion production; Ion acceleration; and 
beam neutralization. Figure 2 shows the thruster 
power processor Interconnection diagram. The Isola- 
tor power supply heats the propellant high-voltage 
Isolators and fcedllncs, prior to thruster opera- 
tion, to avoid Hg condensation. The Hg propellant 
la controlled by the three propellant voporlzer 
power supplies through feedback control loops. The 
main, cathode, and neutralizer vaporizers arc con- 
trolled by the thruster beam current, discharge 
voltage, and neutralizer keeper voltage, respec- 
tively. Bombarding electrons, required for ion pro- 
duction, ar* provldad by a hollow cathode which la ' 
haated (cathods tip power supply) during startup to 
Initiate and maintain a Hg plasma discharge between 
.the cathode and keeper electrode (cathode keeper 
bower supply). Tha discharge power supply scccler- 
ktea the electrons from the cathode to an anode. In 
transit, they bombard and Ionize some of the Hg 
ptoms from the main vaporizer to create a plaumu In 
the dlscharg* chamber. For reasons of lifetime the 
magnetic baffla supply Is used to maintain the 
cathod flow rats st a near-constant value as the 
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thruucur Is operated over nearly n 4:1 range of In- 
put power. The ions are electrostatically occeler- 
ated from the discharge chamber by the screen and 
accelerator grid power supplies to form the Ion 
beam, thereby producing thrust. Thu positive ion 
boom is neutralized by electrons from the hollow 
cathode neutrollzer which also requires tip heater 
and keeper supplies to start and maintain the hol- 
low cathode dischorge. All but the Isolator and 
tip heater supplies are presently used during oper- 
ation. Details of the power supply designs and 
output characteristics may be found in reference 4. 

The present 30-cm power processor was designed 
to meet the requirements of the thruster as they 
were perceived in 1972. The thruster-power proces- 
sor interface requirements were specified to occoro- 
modatc a very broad spectrum of solar electric pro- 
pulsion missions which Included significantly dif- 
ferent thruster oporotlng requirements. Both plan- 
etary missions (Inbound, outbound, snd out-of-the- 
ocllptic(^) ) , and Earth ctbltai missions^®) were 
considered. The resultcnt power processor design 
allows great flexibility in thruster operation but 
nC the cost of power processor complexity. This la 
evident from the power processor characteristics 
listed in Table I. Table 1 compares the TMl’P with 
the power processor used In the Space Electric 
Rocket Test (SERT) II which Is still operational 
after nearly a decade In space. 

Over Che past 12 years, the design of the 30- 
cm thruster has been continuously changing to im- 
prove the performance, lifetime, and structural 
properties. C^) However, the power processor re- 
quirements, specified by the thruster, have remained 
nearly constant. 

A program has been initiated at the NASA Lewis 
Research Center to evaluate further reductions of 
tho thruster-power processor interface requirements 
and thereby reduce the mass and cost, and Increase 
the efficiency and relloblllLy of proposed thrust 
subsystems. TIic goals of this program are to define 
reduced power processor requirements; demonstrate 
their feasibility with laboratory power auppllcs; 
and evaluate their Impact, If any, on thniater de- 
sign, performance, or lifetime. Interface require- 
ments will be evaluated primarily for the baseline 
thruster. However, the requirements of advanced 
thrusters, such as chose Chat use three grid Ion op- 
tics, will also be considered. 

In addition, the infomiaclon presented Is of 
value for application to thrusters which operate at 
high power on alternate propellants, such ns Inert 
gases. 

The thruster-power processor Interface require- 
mcnca depend heavily on the power profile of a par- 
ticular mission. The evaluation program Is, there- 
fore, being conducted both for mlsaions with varia- 
ble solar array power (such as outbound planetary 
missions) , and chose with nb^r-conscant solar array 
power (typical of geocentric and some Inbound mls- 
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olons) . The Dmjoir differences becueen these types 
of missions. In regard to thruster operation, are 
those concerning speed of startup, power level at 
startup, and variation of beam power. 

This paper presents the Initial results of the 
program to reduce the thruster-power processor In- 
terface requirements. The application of these re- 
sults to future power processor design.! may enhance 
the overall thrust subsystem characteristics. 

Apparatus 

Thruster 

A 30-cm diameter laboratory thruster, func- 
tionally equivalent to the baseline Engineering 
Model J-scriea thruster, (3) yas used for the teats 
presented herein. One major difference was the use 
of electromagnets, rather than permanent magnets, 
to provide the magnetic field In the discharge 
chamber. Except as noted, the magnetic field was 
held fixed at a configuration fully equivalent to 
that of the J-serles thruster. Two other minor dif- 
ferences were the use of various diameter physical 
baffles at the end of Che cathode pole piece and a 
neutralizer cathode heater with cold and hoc resis- 
tances different than those of th e baseline thruster. 

Power Supplies 

Except as noted in the text, all of the data 
were obtained from 60 hertz, laboratory power sup- 
plies. The screen and accelerator high-voltage sup- 
;plles were of a high-capacity, three-phase, full- 
wave bridge rectifier design. The discharge, mag- 
netic baffle, electromagnets, main, and neutralizer 
keeper supplies were single-phase, full-wave, rec- 
tified aourcea. The resistive heaters were powered 
with six alternating current supplies. Because Che 
electromagnetic field Is usually provided by perna- 
nenC magnets, the two magnet supplies were not 
^counted In power supply tallies. 

Facility 

I The tests were conducted In a 0.9-m diameter 
ibell Jar of the 7.6-m diameter by 21.4-m long vacu- 
;um tank at Lewis Research Center. The faiilllty 
I pressure was about 513x10-6 tocr for all rests, 

I Results and Discussion 

j Some of the results presented herein have been 
I suggested and/or Implemented by others and are so 
'refe' meed. Also, application of some results are 
mission-dependent and are offered Co show the ran- 
ges of thruster flexibility to different control 
schemes. This section will be divided into "demon- 
strated results" and a dlacuaslcc of "projections" 
with each group sub-divided IntJ three topics: 
Multi-purpose power supplies; Power supply output 
cbacacCerlstlce; and Control of thruster parameters. 

Demonstrated Results 


Multlpurposa power supplies. - The baseline 
FUPP has 12 power outputs. Of those, the isolator 
heater supply (25 W maximum output) presently would; 
be used only }f mission requirements demanded opera- 
tion of Che 30-cm thruster at values of beam cur- I 
rent less chan about 0,7 ampere. C2) poT normal i 
startup, Cha discharge supply (700 W maximum) la I 
used to provide the laolator heater power (up to 


120 W) through Che u«e of a relay. When the thrus- 
ter isolators have been heated to temperatures high 
enough to avoid Hg condensation, Che relay Is opr 
ened allowing the discharge supply to provide Its 
normal function. 

Reference 11 demonstrated the feasibility of 
using Che discharge supply Co rapidly heat the 
thruster. There the discharge supply was used to 
heat the cathode tip, the Isolator heaters, and an 
additional plenum heater. 

Extending these examples, the discharge supply 
was used to provide the functions of heating the 
cathode tip and Isolators, as well as starting the 
cathode keeper discharge. The electrical schematic 
Is shown in figure 3. Baseline thruster hardware 
was used, therefore, the isolators, which are con- 
nected In parallel, shared Che normal 6.3 ampere 
cathode tip heater current end received less than 
60 watts of power. Because this Is about one-third 
the normal value, the preheat time was doubled to 
about 70 minutes. At the end of preheat, the main 
vaporizer temperature had reached a steady-state 
value corresponding to a Hg flow rate of 700 mA 
while the cathode flow rate was negligible. Normal 
cathode vaporizer power was Chen applied. As Che 
cathode flow rate increased, vacuum relays SI and 
S2 which replaced the cathode tip and isolator 
heater power supplies were cycled until the cathode 
discharge was established. Opening S2 disconnected 
the isolators from the discharge positive output 
while SI switched Che discharge negative lead from 
the cathode tip heater to cathode common. This al- 
lowed the open circuit discharge voltage to appear 
I at Che cathode keeper and anode electrodes. The 
magnitude of this voltage will be discussed later. 
The cathode keeper discharge always Initiated at 
vaporizer temperatures corresponding Co cathode 
flow rates between 60 and 100 mA equivalent. With- 
in 10 seconds Che cathode discharge coupled to the 
anode and normal discharge parameters wore obtained. 
This procedure was repeated several times, starting 
with a cold or warm thruster and with and without 
the main field and magnetic baffle electromagnets 
energized. No differences were noted. Using this 
procedure eliminated the present Internal power 
prooeaaor function of sensing the discharge current 
and reducing the cathode tip heater current to zero 
(to avoid overheating the cathode insert) . 

The high voltages could now be applied as us- 
ual to extract the ion beam. Relay S3, which re- 
placed the cathode keeper supply, was opened after 
beam extraction, with no differences In thruster 
performance noted at any operating point over the 
throttle range or during the high-voltage recycle 
sequence. Operation with no keeper current has al- 
so been examined by the author, with identical re- 
sults, using another 30-cm thruster and the three- 
Inverter bread-board power processor, which is sim- 
ilar to the FHPP, described in reference 12. It 
appears, therefore, that the keeper discharge, 
which Is required for starting, may be eliminated 
once the main discharge has been established. On 
severa.1 thruster starts, switch S3 was opened prior 
to the application of high voltage with no observed 
affect on performance or stability. 

Based on the results of the thruster starting 
tests. It has been demonstrated that three of the i 
twelve power supplies presently contained In the j 
FMPP may he replaced with an additional relay and | 
minor isolator heater termination changes without { 
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lapactlns thtuatar operation over the baaeitnc stan- 
dard operating envelopa< The added relay could also 
be actuated by the thruster controller according to 
the present startup algorithm. 

Power Bopplv characteristics . - The present 
open-circuit output voltage raquironents for the 
cothode keeper t neutralizer keeper, and discharge 
supplies of the FHP? ere 1000, 1000, and 60 volts, 
respectively. Those of the keeper supplies have 
been reduced to about 350 volts on severol power 
processors presently used to test 30~cpi thrust- 
ers. (^3) In addition, starting tests have been 
conducted with 8- and 30-cm dloiaeter thruster cath- 
odes and neutralizers, some of wtilch hove been test- 
ed for more than 25,000 hours, with maxiswm keeper 
voltages of less than 60 volts, 0 -^^ Based on the 
results of those tests, the open-circuit voltages, 
applied to both keepers and anode, were limited to 
60 volts for all of the tests reported In the prev- 
ious section. There were no observed differences in 
eathode starting between the high and low keeper 
voltage coses. This is attributed to the long-life 
easy starting characteristics of hollow cathodes 
with impregnated inserts. The major Irapacca of the 
reduction of the open-circuit voltages are to ease 
come of the higU-volcaga isolation problems of the 
power processor design, and to eliminate the high- 
voltage section of the keeper supply. 

Control of thruster parameters . - Presently, 
normal operation of the baseline thruster is accom- 
plished by controlling the Hg propellant flow rates 
(vaporizer supply output power) via feedback control 
loops which compare thruster output parsnoters (beats 
current, discharge voltage, and neutralizer keeper 
voltage) to reference signals. Aleo, the two keeper 
supplies, the magnetic baffle supply, ond the main 
discharge are operated in the currant limited mode 
while the beam and accelerator supplies are voltage 
limited. The magnetic baffle Is used to set the 
cathode flow rate to desired values over the thrust- 
er Input power range. 

This section discusses alternate methods of 
controlling the thruster which may allow mission 
lanners and power processor designers to perform 
radeoff studies and Improve the overall thrust sys- 
tem properties. Because a large number of thruster 
control functions have been required solely for the 
purpose of power throttling this section will be di- 
vided into two parts', one for a constant thruster 
pperatlng point! and the other for variable thruster 
input power. 

ConatanC thtuater operating point. - Efficient 
bperacion of a thruster and power processor is much 
less complicated for a near-constant operating con- 
(lition than for a thruster with the widely varylnS 
peratlng parameters presently required of the base- 
ine thruster. The SERT II power processor was ea- 
jsentlally designed to operate at a fixed Input power; 
Ithough operation at lower levels of thrust was 
osalble. Two Immediate beneflta of single point 
peration are the need for only one thruster voporl- 
er power supply to control the main and cathode flow 
tates and no need for a magnetic baffle and its asso- 
fciated power supply. A single vaporizer (with spilt 
flows) may be used, as on SERT II, or two vaporizers 
zfly be powered from one supply. In either case, the 
physical baffle diameter is chosen to obtain the de- 
sired ratio of main to cathode flow rates. 

' Th e experimental thruster was starte d several 
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times and operated for more than 100 houra with the 
main and cathode vaporizers in aarles and controlled 
via the bean current. Tor this teat the physical 
baffle diameter was increased to 6,3 cm, from the 
baseline value of 5.6 cm, to allow efficient opera- 
tion at full ihrustec input power with no aagnotlc 
baffle current. The ratio of main to cathode flow 
rates was set by adjusting a fixed resistor placed 
across the main vaporizer heater. The steady-state 
power dissipated in this resistor was about 2 watts. 
There were no measurable differences In thruster 
performance or stability between this mode of oper- 
ation and that of the baseline thruster. 

Thus, if a near-constant operating point is al- 
lowed, from mission con.'idorotion8, the magnetic 
baffle and the cathode vaporizer supplies may also 
be eliminated. The resulting seven power supplies 
and their functions are listed in Table II. Pro- 
jected applications of these philosophies to the 
neutralizer ossembly are presented later. 

Variable thrust level conditions. - Starting 
with the seven power supplies listed in Table II, 
the operating conditions of the thruster were varied 
from those at full power following the beam and dia- 
charge set points of the standard throttling pro- 
file, (2) 

In these tests a magnetic baffle supply was 
used with a physical baffle identical to that of the 
baseline thruster. The magnetic baffle current was 
first held constant, which is equivalent to opera- 
ting with a larger physical baffle and no baffle 
current. Ao Che beam current and diacharge current 
wore reduced, the power to the main and cathode va- 
porizer decreased (vaporizers connected in scries) 
to follow the beam current. Thus, the aathode flow 
rote decreased and the discharge voltage increased 
rapidly. The magnetic baffle current was then low- 
ered to reduce the discharge voltage to the desired 
value of 32 volts. A feedback controller was in- 
stalled to vary the magnetic baffle current and hold 
the discharge voltage constant as the beam current 
was further decreased. For Che baseline thruster- 
power processor combination, the cathode flow rote 
remains nearly constant ns the beam current Is re- 
duced from 2.0 to 1.3 However, when the taain 

and cathode vaporizers were connected In series Che 
cathode flow rate decreased from 120 eq. mA to about 
70 mA as the beam current was varied from 2.0 to only 
1.5 A. In order to vary the beam current over the 
entire throttle profile, the cathode flow at a 2.0-A 
beam current had to be Increased to about 400 eq. mA,' 
Two penalties of very high cathode flow rate are in- 
creased baffle erosion and decreased discharge 
chamber propellant utilization efficiency, The 

cathode flow rate decreased nearly linearly to about 
100 eq. tnA at the minimum beam current of 0.75 A. 
Thus, to throttle the input power over a 4:1 range, 
using the standard profile, required Che addition of 
at least a magnetic baffle supply and a feedback 
controller. To maintain operation at low cathode 
flow rates would require a separate cathode vapori- 
zer stipply or a cathode vaporizer current control- 
ler. 

As one alternative, the thruster was operated ■ 
Vlth no magnetic baffle current <in<J the 6.3-cm dlam-i 
eter baffle. A separate cathode vaporizer supply 
was used to Increase the cathode flow rate as the j 
beam current was reduced. In this fashion, the 
atandard throttling profile waa followed from full 1 


poWQi to about half poviat (boam cuctont ftoia ZiC to 
1. 2 A) at ootnaX operating condltlona using only ono 
additional power supply and feedback controller. 

The addition of a magnetic baffle supply vrould allow 
normal operation of thruster over the full range of 
the standard operating profile, 

in figure 4| the :,nadad area shows the operas 
ting envelope of screen voltage as a function of 
bean current for the baseline thruster, Again, 
utertlng with the seven power supplies listed In 
Table II, another method of power throttling was 
investigated, for the baseline thruster, operation 
at a constant beam current of 2,0 A la limited to 
screen voltages between IIQQ and 900 volts (a power 
throttle of about 1.2:1} because of perveance ond 
focussing limitations of two-grid optics. The use 
of three-grid optics allows operation at all values 
of screen voltage and beam current shown by the 
shaded and open areas of figure 4, Operation at a 
beam current of 2, 0 A may be extended to screen 
voltages of less than 300 volts. The addition of a 
third grid would, therefore, permit operation of the 
discharge chamber at near-constant conditions while 
allowing nearly a 2.5:1 power throttle. The throt- 
tle range may be extended to All by reducing the 
beam current to 1,6 A and screen voltage to 200 
volts. This would require a separate cathode vapor- 
izer supply as discussed eAtller, The use of three 
grid optica would also require an Increase In the 
accelerator supply maximum output voltage of from 
500 to 1100 voles. 

Table III lists the power supplies used to demon- 
strate various methods and da^itees of power throttling 
the baseline thruster using ewo-grld and throe-grid 
ion accelerating systems. 

Projection s 

Multipurpose power aupplles . - The philosophy of 
multipurpose power ouppl 'os was also applied to the 
neutralizer. The neutra -zer keeper supply (75 W 
maximum) , which Is needed for normal operation, could 
be used to heat the neutralizer cathode (which re- 
quired about 50 H) prior to ignition. The experi- 
mental neutralizer heater was not compatible with 
the neutralizer keeper supply. Therefore, this pro- 
cedure waa not demonstrated, although it appears 
straightforward. Again, a relay could be used to 
switch power from the keeper supply to either load. 

liefercnces 2 and 6 state that the startup al- 
gorithm is one of the most critical routines because 
pf the tlme-temperatura sequence of the main vapori- 
zer (which does not have a reference signal when the 
beam current is zero). 

Tlie use of space-flight qualified thermally ac- 
tuated relays mounted on the thruster, as suggested 
|ln reference 21, are being evaluated in attempts to 
reduce the complexity of power processor- thruster 
controller requirements during thruster starting. 
trhese relays will be used to sense appropriate 
.thruster temperatures (those which are directly re- 
flated to the critical starting temperatures) to turn 
pn vaporizer power supplies (propellant flow rates) 
and switch the discharge and neutralizer keeper sup- 
plies from the heater loads to the discharge elec- 
trodes . Tenporaturea on the thruster body over Che 
idownstream end of the anode Increase rapidly with 
discharge current. (10) Therefore, a temperature 
relay at this position could also be used to auto- 
matically open the cathode keeper circuit. | 


Power supply chnraeterlatlca . - Presently, the 
dlucharge supply of the FM?P must be capable of 
handling dlschargo currents up to 14 A at voltages 
up to 50 volts (700 W), Mormal operation la In the 
cur tent- limited mode with the discharge current set 
to a value proportional to the beam current refer- 
ence value. The cathode propollant flow rate Is 
varied, thr, jgh a feedback control loop (which var- 
ies the plasma Impedance), to obtain the desired 
discharge voltage. Tlie normal steady-state dls- 
charg. voltage Is 32 volts, except during Ignition, 
off normal, and low mode correction when It Is 36 
volts, (2,6) to minimize discharge chamber sputter- 
ing erosion. (22) Similar reasoning was used In the 
dcvalopment of the SERT 11 power processor which 
roBulted in a discharge supply which was a near- 
constant voltage supply (programmable to 35, 37, or 
40 V). There, the discharge supply was current 
limited at values about 202 more than the normal 
operating point so thot the thruster was operated 
on the constant voltage portion of the supply char- 
acteristic. The power to the single vaporizer was 
controlled by a discharge current control loop in 
the absence of beam current anJ by the beam current 
when the liigh voltages were turned on. 

Variations of the dlschorge supply output char- 
acteristics will be investigated to evaluate poe- 
slble reductions of the maximum power rating to a 
value nearer to the normal operating point and pos- 
sible elimination of the discharge voltage-cathode 
flow rate control loop. 

Other power supply properties which will be 
evaluated are load regulation requirements for out- 
put current and voltage. 

Control of thruster parameters , - Because all 
of the Hg vaporizers are at the same potential 
(spacecraft common) it appears feasible to use the 
thruster .aporizer supply to provide power to the 
neutral! 7.er vaporizer. Another adjustable shunt re- 
sistor could be used to select a near-constant neu- 
tralizer flow rate and eliminate the feedback con- 
trol loop. The selected neutralizer flow rate would 
probably be greater than that of the present base- 
line thruster neutralizer (but leas than double) to 
provide operating margin during variations in the 
thruster's thermal environment. A factor of two in- 
crease in neutralizer flow rate would represent a 
loss in thruster efficiency of about IX. 

This may he offset by the elimination of the 
power supply, the feedback controller ond the neu- 
tralizer flow rate control problems and associated 
correction algorithms . (®) I 

Applying these projections to the demonstrated • 
results presented in Tablea II and III reduces the ; 
present need of three neutralizer power supplies to i 
one neutralizer keeper supply. Therefore, depend- i 
ing on mission requlre-ents and thruster modifies- i 
tions, the operation of a 30-cm diameter thruster I 
over a 2.5:1 range in power using only five power | 
supplies appears straightforward. One possible 
electrical arrangement of these five power supplies | 
la shown In figure 5, j 

Conclusions 

The characteristics of power processors strong-i 
ly Impact the overall performance and cost of elec- 
tric propulsion systems. Tlie present functional 
model power processor incorporates 12 power supply 




outputs to ptovlds operational power for tho 30-cm 
Hs ion thruster. A program was Initiated to uvalu> 
ato slmpllf Icatlone of the thrustor^powoi processor 
Interface raqulroments. The power processor re- 
xjulrements are mission dependent with major differ- 
ences arising for those missions which require e 
constant operating point and those requiring opera- 
tion over 0 large range of Input power. Depending 
on the mluslon requirements and thruster modifica- 
tions, test rouults Indicate that as many as seven 
low-level power supplies may bo eliminated by ex- 
tending the multipurpose power supply philosophy 
presently used for the Isolator heatsrs-dlschargo 
power supply. In addition, reduction of propellant 
flow rate control loops requirements have been Indi- 
cated. The use of advanced technology three-grid 
ion optics allows extension of the power throttle 
range while using only five power supplies by opera- 
ting ut constant discharge chamber conditions. 
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TABLE III. - POWER SLTPLY REQL’TREMENTS DEMONSTRATED FOR VARIABLE 
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Figure Z - 30 cm thruster - FMPP interconnection diagram. 
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Figure 3. * lectrical schematic fCK demonstrated multipurpose poMer supply 

tests usir>g the discharge supply. 
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Figure 4. ■ Operating envelopes for a 41 power throttle 
using two and three grid ion aaelerators. 
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Figure 5. - Projected scheioatic for thruster and five power supply power processor. 










